In this study the interaction of energetic oxygen ions with the beryllium-tungsten alloy Be 2 W is investigated by depth-resolved X-ray photo-electron spectroscopy (XPS). A 4 nm tungsten layer is deposited on polycrystalline beryllium. By alloying at 900 K for 60 min Be 2 W is formed. In successive steps oxygen ions are implanted with 500 and 1000 V acceleration voltage with a fluence of 5 · 10 14 cm -2 in each step. Between the single implantation steps the sample is heated for 30 min at 600 K. Depth-resolved photoelectron spectroscopy is performed after each experimental step. The W 4f and Be 1s spectra reveal formation of beryllium tungstate BeWO 4 already at room temperature (r.t.) in significant amounts due to energy deposition of implanted oxygen ions. No indication for oxygen diffusion at r.t. is observed. In previous experiments in thermal equilibrium the ternary compound has proven to be stable to temperatures up to 1073 K. Contrary to these results, annealing at 600 K already leads to decomposition of BeWO 4 formed by energetic oxygen ions. After decomposition at 600 K oxygen stays in the sample bound as BeO.
Introduction
The three elements beryllium, carbon and tungsten are planned as armour material covering the inner wall of the vacuum vessel of the future fusion device ITER [1] . During operation wall material is eroded from the plasma-facing surfaces due to elevated temperatures or sputtering by energetic species. Eroded wall material is transported along the magnetic field lines and re-deposited at different locations, forming layers on the wall tiles. Since approx. 700 m 2 of the first wall are covered by beryllium, deposition of
Be on tungsten tiles is one possible consequence. Due to the elevated temperatures at the first wall these thin layers are alloyed with W and form Be 2 W. Contamination of the surfaces and the plasma by oxygen is inevitable after the vacuum vessel is exposed to air, e.g. for maintenance. Oxygen leaving the plasma is implanted into the wall material. Its kinetic energy can trigger chemical reactions with the wall materials. Additional thermally activated reactions will take place due to elevated wall temperatures at ITER. Knowledge of the processes at the first wall is crucial to predict the dynamic change of the ITER plasma-facing surface composition. Newly formed phases show different physical properties compared to the original surface, e.g. melting point, thermal conductivity and hydrogen retention. In particular, formed oxides can have great influence since their melting points vary over a huge range. While metallic tungsten has a melting point of 3683 K, its two stoichiometric oxides WO 3 and WO 2 already melt at 1746 K and 1773 K. Beryllium, on the contrary, shows an increase in its melting point after oxidation from 1551 K to 2780 K. Previous studies have dealt with various binary systems containing Be, C and W [2] . The next step is to increase the number of reaction paths by adding more elements to the reaction scenario and identification of the reactions in the more complex systems.
Former experiments have shown complex chemistry between Be, O and W in thermally induced reactions. The ternary compounds beryllium tungsten bronze Be x WO 3 and beryllium tungstate BeWO 4 were observed in the system Be on WO 3 . It was found that Be x WO 3 reaches its maximum at 573 K and decomposes at 873 K, while the tungstate reaches its maximum at 973 K and a complete decomposition could not be observed for temperatures up to 1273 K [3] .
In this study, the interaction of energetic oxygen ions with the beryllium-tungsten alloy Be 2 W is investigated by depth-resolved X-ray photoelectron spectroscopy (XPS).
Experiment
In depth-resolved XPS the information depth is varied by using different photon energies to excite the photoelectrons from core levels. According to E kin = hν − E b − φ a , a higher photon energy hν results in a higher kinetic energy of the photoelectron E kin for a given binding energy E b . The work function of the analyser φ a is determined for each spectrum by a Au 4f 7/2 reference measurement. Since the inelastic mean free path of electrons is energy dependent, it is possible to change the information depth by using different photon energies [4] . In order to measure identical information depths for all core levels of interest, the photon energy is tuned such, that the resulting kinetic energy of photoelectrons for the W 4f, Be 1s and O 1s levels is identical.
All experiments are carried out at the synchrotron facility HZB-BESSY II at the endstation SurICat, which is specialised in photoemission experiments with photon energies ranging from 20 to 1300 eV. Our sample preparation chamber LAICA is directly interconnected to the analysis chamber. LAICA is dedicated for sample synthesis for experiments with the ITER material mix, featuring three electron beam evaporators for Be, C and W, an ion gun for sample cleaning and implantation experiments with acceleration energies up to 5 keV, an electron bombardment heater for sample heating up to 1370 K, and an Auger electron spectroscopy (AES) system. Base pressures in the preparation chamber are well below 1 · 10 -9 hPa and in the analysis chamber 1 · [5] . Since the used ion source uses the same ionisation method, these ion fractions should be a valid approximation. Electrons with an energy of about 100 eV are used for ionisation of O 2 . The O 2 pressure in the ioniser section of the ion source is approx.
5 · 10 -6 hPa, resulting in an O 2 -pressure of 2 · 10 -7 hPa in the preparation chamber during implantation. Implantation profiles are simulated using the program SDTrim.SP [6, 7] . According to simulations, acceleration voltages of up to 1000 V satisfy the range requirement for O fluences of 5 · 10 14 cm −2 . After O implantation with 1 kV acceleration voltage the XP spectra show, that the maximum information depth is aready utilised by implanted O. Therefore, a lower acceleration voltage of 500 V is used for the following two implantation steps. This renders the observation of possible diffusive processes towards the bulk possible. Calculated implantation profiles are shown in Fig. 1 . The maximum implantation depths are 5 nm for 500 eV and 7.5 nm for 1000 eV implantation energies, respectively. In short, the sequence of experimental steps is:
1. Cleaning of Be-disc Between single implantation steps the sample is annealed at 600 K for 30 min. This temperature is chosen, because we found in former experiments with Be on WO 3 beginning formation of BeWO 4 at this temperature. Photoelectron spectra are taken after each experimental step. High resolution spectra of core levels of every element present are taken at up to six different information depths. Kinetic energies of photoelectrons, respective photon energies for the investigated core levels and the IMFPs calculated after Seah and Dench [8] are compiled in Tab. 1. In addition, survey scans with photon energies of 655 and 990 eV are measured to identify the elements present at the sample.
Binding energy (BE) scales of the spectra are referenced to the Au 4f 7/2 peak with a binding energy of 84.0 eV. The following equation gives all contribution to the XPS intensity:
After dividing the spectra yield by photon flux J, asymmetry parameter L and photoionisation cross-sections σ after Yeh [9] , analyser transmission T , and detector efficiency D given by the manufacturer, only the integral over the depth-dependent atomic density ρ(z) remains. The exponential function here gives the weighting of the density in dependence to its depth z, taking into account the inelastic electron mean free path λ and the angle α between the surface normal and the analyzer (α = 0 • in our experiment). In other words, the closer an atom is located to the surface, the higher is its contribution to the measured intensity I.
The background in the XP-spectra is subtracted by applying a Tougaard-style background [10] . Peaks are fitted using a Doniach-Šunjić-type function [11] . During the fitting procedure of the W 4f spectra, the doublet separation between the W 4f 5/2 and W 4f 7/2 peaks is held constant at 2.18 eV.
Results
In this section the observations in the single spectral regions are described. Please note, that energies given for the W 4f spectra always refer to the W 4f 7/2 peak. XPS spectra of Be 1s recorded with a photon energy of 460 eV and W 4f recorded with 380 eV after experimental steps are shown in figures 2(a) and 2(b).
After deposition of W on Be, three peaks can already be identified by eye in the W 4f spectrum. On both sides of the main peak shoulders are visible ( Fig. 2(a) , spectrum W on Be). The shoulder on the low BE side is located at 30.9 eV. This peak is assigned to the Be-W alloy at the interface of W and Be. The second shoulder at 32.0 eV is assigned to a ternary compound consisting of Be, O and W. A third function is set to the binding energy of metallic W at 31.4 eV. Using these three functions with a fixed binding energy for metallic W the spectral shape cannot be reproduced, requiring to include a fourth function in the fit procedure. The fourth peak is located 31.3 eV. Using these four functions provides an excellent fit of the recorded spectrum, as shown in Fig. 3 . The function located at 31.3 eV is assigned to the surface core level (SCL) of metallic W. Therefore the surface core level shift (SCLS) is determined to be -0.1 eV. Unfortunately no literature data is available for the SCLS of polycrystalline W. Nevertheless, the assignment of this peak is viable, since W shows a surface shift to lower binding energies, according to calculations by e.g. Aldén et al. [12] and experiments on W single crystals, e.g. by Wertheim et al. [13] . The high surface/bulk intensity ratio for the metallic W, as determined from the peak fit, is interpretated such that metallic W is predominantly present at the very surface, whereas W bound to Be or O is located below the first layer.
After the subsequent alloying step, in both Be 1s and W 4f spectral regions Be 2 W is clearly visible (s. Fig. 2(a) & 2(b) , spectra 'Be 2 W'). In the W 4f region the peak is well represented by a single fit function positioned at 30.9 eV and is assigned to Be 2 W. In the corresponding Be 1s spectrum the large peak can be split into two contributions: The main contribution is here also the alloy at 111.1 eV and a smaller contribution originates from metallic Be at 111.8 eV. One additional broad peak is visible with its maximum at 114.1 eV. Since there are no ternary phases with W visible in the W 4f spectrum, the only possible assignment is BeO. This is supported by O visible in the survey scans.
The O signal originates from O adsorbed during alloy formation and sample transfer and measurement from the residual gas. This cannot be avoided due to the high oxophily of Be, even under the present vacuum conditions.
Implantation of O at 1 kV acceleration voltage induces a significant change in both the W 4f and Be 1s spectra. Peak fitting analysis of the W spectrum reveals six doublets: W and its SCL at 31.4 eV and 31.3 eV, Be 2 W at 30.9 eV, WO 3 at 35.9 eV and two doublets which are assigned to ternary phases at 31.9 eV and 36.6 eV (for assignment, see section 4).
The annealing step at 600 K for 30 min leads to a reduction of W, visible in the loss of intensity at binding energies above 34 eV ( Fig. 2(a) , spectrum '600 K'). Only one doublet is still visible. Peak fitting reveals only one contribution assigned to the alloy at 31.1 eV. In the Be 1s spectrum a small signal at the position of Be 2 W is present ( Fig.  2(b) , spectrum '600 K'). The second peak at 114.8 eV in the Be 1s is assigned to BeO, since no ternary compounds are observed in the W spectrum.
After the first implantation of O with 500 V major changes are observable in both W 4f and Be 1s spectral regions. Compared to the O implantation with 1 kV, two additional peak pairs can be identified. The first is located at 34.6 eV and is assigned to the substoichiometric tungsten oxide WO 3-x , the second at 33.0 eV, assigned to tungsten dioxide WO 2 . Most intensity is distributed over the energy region above 34 eV. In this region, only W in the oxidation state VI can be found. In the Be 1s spectrum only one broad, asymmetric peak is observed. Fitting based on the information from the W 4f region reveals three components: Two components from ternary compounds and BeO. Thus, the ternary compounds can be found in both, the Be 1s and the W 4f spectra.
The second O implantation with 500 V leads to the formation of the same compounds. In the W 4f spectrum the main intensity of the two peaks visible at binding energies above 34.0 eV originates here from WO 3 ( Fig. 2(a) , spectrum 'O + 500 eV II'). Only a small contribution of BeWO 4 can be observed. In the Be 1s spectrum, again only one broad peak is present which is shifted to lower binding energies compared to the first 500 V implantation (Fig. 2(b) , spectrum 'O + 500 eV I'). This shift is attributed to a significantly lower amount of BeWO 4 , which is in good agreement with the observations in the W 4f region.
Discussion
In [18] . Although the variation between these values is quite high, all authors report binding energies similar or higher compared to their respectively cited WO 3 binding energies. Based on these references, the ternary compound found at 36.6 eV is assigned to beryllium tungstate BeWO 4 , with the anion WO 2-4 as building block.
Assignment of the second binding energy of 31.9 eV found by peak fitting is more difficult, since literature on XPS investigations of tungsten bronzes is scarce. For sodium W bronzes data can be found: Biloen and Pott report in their work investigations on two different sodium tungsten bronzes [14] . We compare our findings with the results of their work, since here binding energies can be found for Na 0.1 WO 3 and Na 0.6 WO 3 , although we are aware of the differences of these to elements. Be and Na have a difference of 0.64 in electronegativity on the Pauling scale. Biloen and Pott found a binding energy of 35.8 eV for Na 0.1 WO 3 and 36.0 eV for Na 0.6 WO 3 , which is 0.2 eV lower or the same as their reported binding energy for WO 3 [14] . Our binding energy of 31.9 eV is 4.0 eV lower than the binding energy of WO 3 . Following the trend, assignment of the binding energy of 31.9 eV to BeWO 3 is viable. Nonetheless, further investigations have to be conducted to justify this assignment.
In experiments conducted in thermal equilibrium with Be on WO 3 , we found BeWO 4 at the same binding energy as in the implantation experiments described above. In thermal experiments BeWO 4 is observed only for temperatures above 600 K. Contrary, we observe here that BeWO 4 is formed by ion bombardment already at r.t. This finding can be explained by two effects: First O is implanted directly in to the Be 2 W lattice, leading to forced insertion of O into the crystal lattice of Be 2 W. The second effect to be considered here is ion beam mixing. The implanted ions dissipate their energy to atoms in the lattice, allowing them to overcome the diffusion barrier and move to more favorable positions in the crystal lattice. The so-formed crystal structure is not comparable with the crystal structure formed by reactions in thermal equilibrium. In thermal experiments, beginning decomposition of BeWO 4 is observed at a temperature of 1073 K and above, while the phase formed by ion implantation decomposes already completely at 600 K. This difference in decomposition temperature again points to different crystal structures. After decomposition, O stays bound in the sample as BeO, which is deducted from the loss of intensity contributions from oxidic species in the W 4f spectra and the remaining oxidic contribution in the Be 1s spectra.
Oxidic compounds are formed within implantation range. No indication for diffusion into the bulk is found, since in the spectra of the Be 1s region, Be 2 W is still visible in the spectra recorded with photon energies of 610 and 820 eV, as shown in Fig. 4 . This Fig. shows the spectra of the Be 1sregion after the 1 st O-implantation with 500 V recorded at different photon energies. In the spectra recorded at 235, 350 and 460 eV no Be 2 W is visible. In the spectrum recorded at 610 eV a very small contribution of Be 2 W can be identified. This contribution is more pronounced in the spectrum recorded at 820 eV. The progression of this contributions clearly shows, that in the surface near region all Be can be found in oxidic states, while in the deeper regions Be still occurs as Be 2 W. This is explained by the lack of oxygen for complete oxidation of Be at greater depth.
Summary
Oxygen implantation with an acceleration voltage of 500 V is sufficient to form ternary compounds Be x WO 3 and BeWO 4 at r.t. due to ion beam mixing and energy deposition. Formation of compounds is only visible in depths were oxygen is available. No indication of oxygen diffusion is found at r.t. Annealing at 600 K decomposes the ternary compounds. After the decomposition oxygen remains bound in the sample as BeO.
Repetitive implantations of oxygen lead again to the formation of ternary compounds. Figure 4 : Be 1s spectra recorded after the first implantation of oxygen ions with an acceleration voltage of 500 V. The higher the photon energy, hν, the more photoelectrons from greater depths contribute to the detected intensity.
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